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a b s t r a c t
This paper proposes an individual-based model that takes into account the evolutionary
effects of selective fishing on exploited populations. The model is an adaptation of the
Penna model based on the biology of exploited species and characteristics of fishing.
Given the importance of the Pintado Pseudoplatystoma corruscans, a native species of great
economic value in the Brazilian fishery, the model was applied to study the effects of
selective fishing on the growth characteristics of this species.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction
The concept of fisheries-induced evolution and its effects on the yield of an exploited fish stock was pioneered by Law
et al. [1], with a theoretical work on north-east Arctic cod. They showed how fishing pressure creates a strong selection for
individuals with early maturation, leading to a change in the age at maturation of the stock, towards earlier maturation.
Recent observations suggest that fishing pressure is driving the evolution of smaller female maturation size in some fish
stocks. This hypothesis is corroborated by both experimental studies and empirical evidence from several fisheries [2].
Rapid genetic changes in growth rate and correlated life-history traits in response to size-selective harvesting have been
demonstrated in laboratory populations of the Atlantic silverside, Menidia menidia [3,4]. Moreover, analyzing data from
whole-lake experiments, Biro et al. [5] note that the removal of the most active fish results in the removal of the gene pool
of more aggressive fish. As a result, the study showed that the selection on feeding behavior also led to selection on other
physiological traits related to growth.
In the freshwater environments of South America, migratory fish are being decimated at an accelerated pace without
establishing the proper techniques of exploitation. From a study carried out from 2000 to 2005, Garcia [6] found changes
in the reproductive parameters of some species of fish (Salminus brasiliensis and Prochilodus lineatus) in the Upper Paraguay
River Basin. According toGarcia [6], these reductions come from the imposing ofminimumsize limits in the fishery. Although
regulations on minimum size limits often have been imposed for good reasons, their potential negative impact on genetic,
population, and ecosystem diversity are being increasingly recognized [7].
Age and size at maturation are of specific interest in the context of exploited populations because they affect the
reproductive potential of these populations. Changes in age or size at first reproduction are related, in complex ways, to
variation in body growth. Any change in these traits may indeed have strong repercussions for population dynamics and
sustainable harvesting. Interest in the topic has been increasing recently, and various models have been proposed [8–12].
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Table 1
Estimates of population parameters for the stock of Pintado. L∞ (average asymptotic length),
k (average growth rate), j0 (theoretical age when size would have been zero), Lm (length at
50% probability of maturation) and Im (average age at 50% probability of maturation) [15].
L∞ (cm) k (year−1) j0 (year) Lm (cm) Im (year)
149.7 0.127 −0.871 75.0 4.6
Somemodels, unlike others, do not take into account the evolutionary effects of size-selective mortality on somatic growth,
yield, and population biomass. A review of the state of research in this field is found in article [13].
Several studies have provided strong evidence of fisheries-induced evolution of growth and/or other life-history traits,
but most management plans for sustainable yield ignore the Darwinian consequences of selective harvesting. In this paper
we propose an individual-based model that takes into account the evolutionary effects of selective fishing on the exploited
population. The model aims to analyze the effects of fishing on the growth trajectories of exploited species. For model
validation three fishing scenarios were considered for comparison with experimental evidence. Given the economic and
ecological importance of Pseudoplatystoma corruscans, a species known popularly as Pintado, themodelwas applied to study
the effects of selective fishing on the growth traits of this species. As an application of the model, a fourth scenario of fishing
that takes into account the change in minimum landing size of Pintado was considered.
The P. corruscans is a native species of high economic value in Brazilian fisheries, and its cultivation is spreading rapidly
by the south, southeast and northeast of the country [14]. This species presents characteristics that meet the current and
future preferences of the market and make the meat a product of interest in national and international markets. From the
occurrence in the basins of the Parana, Paraguay and San Francisco, this migratory fish is a major target of both professional
and amateur fishing. However, despite the importance of this species to fishing and freshwater ecosystems, little is known
about the dynamics of its population.
This paper is organized as follows. In Section 2, we present the biology of P. corruscans. In Section 3, we describe the
proposedmodel, and then we apply the model to the fishing of Pintado in Section 4. The conclusions are drawn in Section 5.
2. Aspects of the biology and fishery of P. corruscans
The P. corruscans, a species popularly known as Pintado, can be found in themajor river basins of South America (Amazon,
Silver and San Francisco). The commercial importance of this species is duemainly to the high quality of itsmeat, highmarket
value and its remarkable participation in commercial fishing. For this reason the species is suffering sharply from the fishing
effort in the various regions in which it occurs. According to Mateus and Penha [15], Pimelodidae catfishes, among them the
Pintado, are the main targets in the catch of freshwater fish from South America. In 2000 and 2001 they accounted for 64%
of the catch in the northern Pantanal and in 2002, for 45%.
The estimated population parameters for P. corruscans under the effect of selective fishing is of fundamental importance
in evaluating the conservation status of the stock and for discussing alternative management strategies for this species.
Table 1 presents some estimates for parameters such as average asymptotic length (L∞), average growth rate (k), average
length at firstmaturity (Lm), also called L50, among others obtained byMateus and Penha [15]. Lm is very important in rational
stock assessment, fixing the minimum length of permitted capture.
In Brazil, the length of the minimum catch varies from species to species and from region to region. The fishing in the
Paraguay River basin is regulated by resolutions 009/96 and 001/2000-CONSEMA. These resolutions establishes the catch
quotas and minimum length of capture. The last resolution 001/2000-CONSEMA changed the minimum length limit of
Pintado from 80 cm to 85 cm.
The weight/length relationship has been used to estimate the growth curve in weight and to define fish condition and
the type of growth. The other important relationship is the fertility/weight relationship. According to Godinho et al. [16] and
Sato et al. [17] these relationships for P. corruscans are given, respectively, by:
W (L) = 1.734 10−6 L3.335 (1)
b(W ) = −890137+ 191074W (2)
where L is the length in cm, b is the fertility andW is the weight of the individual in kg.
3. Individual-based model for selective fishing
The proposedmodel was constructed from adjustmentsmade in the Pennamodel [18]. It is a population dynamicsmodel
based on the evolutionary theory ofmutation accumulation of aging.Mostly because of its easy and efficient implementation
in computers, while allowing simple modifications to simulate very special characteristics or interactions, the Pennamodel,
besides the Gompertz exponential law for mortality, has been successfully applied to many different types of on population
dynamics, such as the catastrophic senescence of the Pacific salmon [19], vanishing of codfish due to overfishing [20], lobster
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fishing regulation [21], age-dependent host-parasite relations [22], population dynamics of A. gossypii insects at different
temperatures [23], and biological control of the insect A. gossypii [24].
In a previous publication [21], a more simple implementation of the Penna model was able to make predictions relative
to changes caused by over-fishing on a population with a strong relation between age and size. As fishing may cause highly
selective mortality depending on a particular trait, unlike in Ref. [21] we now considered one force that drives the dynamics
of the phenotype distribution: a phenotype-based selective fishing. The idea of the present work is to represent each
individual by two bit-strings: the first is the age-structured bit-string, denominated genotype, that causes the population to
age in accordance with Gompertz law, while the second bit-string determines the individual phenotype [25].
The genotype of each individual is represented by a one bit-string of 64 bits and each Penna bit is identified with 1 year.
In such cases, the maximum age allowed for an individual of the population is 63 years. An individual will have a bit set to 1
in its bit-string at a position corresponding to the time when a mutation affects its survival. In the years that the individual
does not suffer any effect of deleterious mutation, the bits in its string will be set to 0. The individual certainly will die if
the number of deleterious mutations that became active up to its current age is equal to a threshold T (a parameter of this
model).
The phenotype of each individual, represented by the other bit-string of 64 bits, defines the rate of growth ki of the
individual as β θ64 , where θ (which is called the value of the phenotype) is the sum of all the 1’s present in the phenotype
of the individual and β is a parameter that determines the maximum value for the growth rate (it is defined at birth and
continues throughout his life). Thus, for each individual, size is assumed as a function of age and followed the von Bertalanffy
model:
L(j) = L∞[1− e−ki(j−j0)] (3)
where L(j) is the length-at-age j of the individual, L∞ is the asymptotic body length, ki is the growth rate and j0 is the
theoretical age when size would have been zero.
According to Santos [26], there is no fixed size at which each individual begins to reproduce, but frequency increases
gradually with fish length. Unlike the Penna model in which the individual aged R certainly will reach maturity, here the
individual will mature in a given length with a probability of maturationmi(L). This probability of maturation is modeled as
a logistic function of length, of the form:
mi(L) = 11+ e−βm(L−Li m) , (4)
where βm is the slope of the maturity curve and Li m is the length with 50% probability of maturation for individual i. Having
reached maturity, the individual will generate b offspring at each reproduction. According to Eq. (2) b is a linear function of
theweight of each individual. Thus, it is considered that fertility depends on theweight according to the following equation:
b(W ) = 1.0+ 2.0(W −Wmat) (5)
whereWmat = 1.734 10−6 Lmat3.335 and Lmat is the length of individual at the moment it becomes mature.
The offspring inherit the copy of both bit-strings of mother with the exception ofM randomly selected bits. TheseM dif-
ferent bits represent point mutations at birth.M randomly selected bits for genotype does not correspond to those selected
for the phenotype. Bits of phenotype can mutate from 0 to 1 or from 1 to 0, as opposed to an aging bit-string (genotype),
that can undergo only deleterious mutations (from 0 to 1). In this work we considered only deleterious mutations at birth,
since they are more frequent than good ones. Therefore, in theM selected ages, the offspring genotype will contain 1’s.
Based on growth trajectories that change according to both environmental conditions and taxonomic groups, He et al. [27]
state that the first reproduction must occur at a given point on a given growth trajectory, such that the ratio between body
length at first reproduction and the asymptotic body length is given by:
L¯m
L∞
= αk¯, (6)
where L¯m is the body length at which 50% of individuals attain first reproduction, k¯ is the von Bertalanffy growth coefficient
and α is a constant with the dimension of time (in years) whose value depends on the age when 50% of individuals attain
first reproduction ( ¯Im). Thus, in this model, we assume that the length Li m in Eq. (4) is proportional to the rate of growth
(ki) and the asymptotic length (L∞), that is, Li m = α kiL∞. Considering that upper limit for Li m is L∞ and 0 < ki ≤ β , the
constant α was defined as 1
β
. We assume that the asymptotic length does not vary with time and thus Li m depends only on
the rate of growth of the individual. With these considerations, only those with ki = β will become mature with length
equal to L∞.
Current regulations for fishing based on the adoption of quotas and minimum sizes result in the removal of larger and
older fish. This way of management is based on the principle that if the capture size is more than the first maturity, the fish
will have the opportunity to reproduce at least once. Based on current regulations, selective fishing is implemented in the
following way: at each time step individuals are found with a probability γ , and then are caught with a probability that
increases with size according to the logistic selectivity curve:
s(L) = 1
1+ e−βs(L−Ls) (7)
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where βs is the slope of the selectivity curve and Ls the length at 50% selectivity. In this model the length at 50% selectivity
(Ls) is assumed to occur at an length that corresponds to the average length at first maturity (Lm) and minimum length of
capture in accordance with fishery regulation.
As usual in population dynamics studies, limitations of food and space are introduced into the model through a Verhulst
factor (logistic). Thus any individual can also die with probability N(t)Nmax , where N(t) is the population size at time t and Nmax
is the carrying capacity of the environment.
Finally, at each time step the individual of population will age by one year and the weight and length will be updated
according to Eqs. (1) and (3), respectively.
4. Model applied to P. corruscans fishing
The model was applied to the fishing of the species P. corruscans in six different scenarios. For each scenario simulations
were made up to 200000 time steps (‘‘years’’), considering an initial population of N0 = 10,000 individuals. The fishing
started at t = 100,001 (after a stable population was reached). To calculate the average values were considered the last
20,000 time steps. In each of the scenarios were adopted the following strategies for fishing:
• Scenario 1 (small-harvested) — the mature fish is found with probability γ = 0.50 and then captured since L ≤ 80 cm.
• Scenario 2 (large-harvested) — the mature fish is found with probability γ = 0.50 and then captured since L ≥ 80 cm.
• Scenario 3 (random-harvested) — the fish is found with probability γ = 0.33 and then captured regardless of size.
• Scenario 4 (constant logistic selective) — the fish is found with probability γ = 0.50 and then captured with probability
that increases with size according to equation:
s(L) = 1
1+ e−0.1(L−80) (8)
• Scenario 5 (variable logistic selective) - the fish is found with probability γ = 0.50 and then captured with probability
that increases with size according to equation:
s(L) = 1
1+ e−0.1(L−80) (9)
As in the Paraguay River basin the minimum size limit of Pintado was increased from 80 cm to 85 cm, thus, from
t = 100,005 the selectivity curve is changed to:
s(L) = 1
1+ e−0.1(L−85) (10)
• Scenario 6 (variable logistic selective) - Fishing follows the same steps as scenario 5, except that fishing is removed at
t = 130,001.
In all scenarios the parameters L∞ and j0 assumed values from experimental data (Table 1), that is, 150 cm and
−0.88 years, respectively. The other model parameters were given the following values:
• carrying capacity: Nmax = 100,000
• number of mutations:M = 1
• limit of deleterious mutations: T = 1
• β = 0.25 cm−1. This value was chosen so that the population before the fishing has biological parameters (k, Im, Lm)
close to the species of interest.
• α = 4.0 years.
• βm = 0.1.
4.1. Results and discussion
Age and size at first maturation are important life-history traits that may influence survival until maturity, subsequent
reproductive effort and growth, offspring survival, the length of the reproductive lifespan, and thus expected lifetime
fecundity [28]. Moreover, age and size at maturation affect the age and size composition of populations and thereby their
reproductive potential. Fig. 1 shows the survival curves for populationswith andwithout fishing. Itmay be observed that the
reduction in life expectancy is more significant in scenario 2 (Fig. 1(c)) due to heavy pressure on largest fish. This is expected
since long periods of life are necessarily associated with low rates of mortality during the adult stage [28]. It is important
to point out that the obtained survival curves were similar to those observed in nature, where most of the individuals were
younger than 10 years (life expectancy is in the range 10–30 years) [29].
It can be observed in Fig. 2(b) and (c) that the distribution of phenotypes of the population moves in the opposite
direction to selective pressure. The highly selective mortality of individuals that is dependent on size, causes a change in the
population in the opposite direction to the selective pressure caused by fishing. In scenario 2 (Fig. 2(c)) the population self-
organizes around a lower average phenotype value compared with the situation without fishing (Fig. 2(a)). That is, fishing
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Fig. 1. Survival curves for populations (a) without fishing and with fishing in the (b) scenario 1, (c) scenario 2 and (d) scenario 3. Fishing was inserted at
t = 100,001. Simulations up to 200,000 time steps (= years).
rules that prohibit the capture of individuals smaller than a certain size may cause, over generations, the populations of fish
to characterize directly to the genomic level, with smaller size and a slower growth rate. On the other hand, when fishing
pressure takes places on the smaller fish (scenario 1), the population self-organizes around a higher average phenotype value
(Fig. 2(b)). Unlike other strategies, the random fishing (scenario 3) generates equal pressure in all lengths and therefore the
distribution of phenotypes does not show significant changes (Fig. 2(d)) in relation to situation without fishing. According
to Zhou et al. [7], phenotype changes in harvested systems have recently been shown to be much more rapid than changes
reported in natural systems, as well as other human-driven perturbations in the wild, outpacing them by>300% and>50%,
respectively.
Table 2 lists the average values of growth rate (k¯), age at maturation ( ¯Im), length at maturation (L¯m) and weight of
individual spawner (W¯s) in the scenarios 1, 2 and 3. One should stress that the scenarios 1 and 3 were considered with the
goal of verify how the model responds to different strategies. With the increase in fishing effort or the accidental capture
of small and immature fish, both can lead a species to extinction. In scenario 3 (random fishing) the biological parameters
L¯m, ¯Im, k¯ and W¯s do not differ significantly from those obtained without fishing. In addition, the capture of smaller fish
(scenario 1) and larger fish (scenario 2) reflected in the increased anddecreased, respectively, of all the biological parameters.
The behavior presented for each scenario are in agreement with experimental and empirical evidence. Conover et al. [3]
subjected populations of an exploited fish (Menidia menidia) to large, small, or random size-selective harvest of adults over
four generations. Biological parameters such as growth rate, individual weight at age, weight of individual spawner, among
others, evolved rapidly in directions counter to the size-dependent force of fishing mortality. According to Ref. [3], these
shifts were caused by selection of genotype with slower or faster rates of growth.
Table 3 lists the average values of growth rate (k¯), age at maturation ( ¯Im), length at maturation (L¯m), biomass (B¯) and
capture (C¯) in the scenarios 4 and 5. Comparing to situation without fishing, we can observe that the average values of
biological parameters L¯m, ¯Im and k¯ are reduced with the introduction of selective fishing that sets minimum-length limit.
With the increase of this limit in scenario 5, the reductions in the average values are slightly smaller. Removal of larger
individuals generates an advantage for earlymaturation because the larger individuals are less likely to survive to reproduce
at all. According to Mateus and Penha [15], early maturation can be a strategy of fish to recolonize the habitat that has been
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Fig. 2. Frequency of phenotypes (f (θ)) with value θ for populations (a) without fishing and with fishing in the (b) scenario 1, (c) scenario 2 and
(d) scenario 3. Fishing was inserted at t = 100,001. Simulations up to 200,000 time steps (= years).
Table 2
Population parameters for the stock of Pintado obtained by simulation (average± half-length
of the 95% confidence interval).
Parameters Non-fishing Scenario 1 Scenario 2 Scenario 3
L¯m (cm) 80.07± 0.71 87.34± 0.43 59.51± 0.55 79.81± 0.59¯Im (year) 5.12± 0.03 5.39± 0.03 4.52± 0.03 5.11± 0.13
k¯ (year−1) 0.12± 0.001 0.140± 0.001 0.096± 0.001 0.128± 0.005
W¯s (kg) 7.92± 0.20 9.74± 0.19 3.0± 0.06 7.79± 0.94
Table 3
Population parameters for the stock of Pintado obtained by simulation (average± half-length
of the 95% confidence interval).
Parameters Non-fishing Scenario 4 Scenario 5
L¯m (cm) 80.07± 0.71 57.63± 0.49 59.51± 0.55¯Im (year) 5.12± 0.03 4.47± 0.02 4.52± 0.03
k¯ (year−1) 0.129± 0.001 0.093± 0.001 0.096± 0.001
B¯ (ton) 38.09± 1.06 15.35± 0.37 17.14± 0.46
C¯ (ton) – 2.07± 0.18 1.99± 0.19
heavily exploited by selective fishing. Changes in life-history traits, particularly in age and size at maturation, have been
reported in a number of commercially exploited fish stocks [30–32].
The Fig. 3 shows the temporal evolution of the length at maturation (Lm), growth rate (k), biomass (B) and capture (C)
in a transient period (t = 100,001 to t = 100,020) of scenarios 4 and 5. In the short term it is observed that the increase
in the minimum landing size reduces slightly the capture and biomass increases (Fig. 3(c) and (d)). After 20 years of fishing
the biomass in scenario 5 is 8.7% higher than in scenario 4. However, the biological parameters k and Lm present within
5118 R.V.R. dos Santos et al. / Physica A 391 (2012) 5112–5120
.
.
.
.
.
.
a b
dc
Fig. 3. Temporal evolution of the (a) length at maturation (Lm), (b) growth rate (k), (c) biomass (B) and (d) capture (C) in scenarios 4 (star) and 5 (circle).
Fishing was started at t = 100,001.
Table 4
Population parameters for the stock of Pintado obtained by simulation
(average± half-length of the 95% confidence interval).
Parameters Non-fishing Scenario 6
L¯m (cm) 80.07± 0.71 79.62± 0.61¯Im (year) 5.12± 0.03 5.11± 0.03
k¯ (year−1) 0.129± 0.001 0.128± 0.001
B¯ (ton) 38.09± 1.06 37.16± 0.97
the 20 years considered, a decrease that does not exceed 0.2% per year in both scenarios. According to the simulation the
reduction in capture would be around 2.3% and 2.6% per year in scenarios 4 and 5, respectively. The biomass decreased by
0.90% and 0.55% per year in scenarios 4 and 5, respectively. According to a survey carried out by Jorgensen et al. [32], the
length of maturity decreased by 3.9% to 14% per year, while the annual growth rate decreased by 3.8% to 14% per year. In
the study conducted by Andersen et al. [2] was estimated the rate at which the fishing of marine species varies biological
parameters such as growth rate, maturation age and size, among others. According to this study, rates of evolution are
expected to be around 0.1%–0.6% per year, and the consequent reductions in fisheries yield are<0.7% per year.
According to model, the increase in the minimum size limit favors the species by allowing the increase of its biomass.
Comparing the average values of the parameters B¯ and C¯ in Table 3, we observed that the scenario 5 promotes an increase in
biomass and in addition, a catch with no significant differences in the long term. However this is an effective measure in the
short-term. This measure does not change the behavior of biological parameters that continue to decrease until it reaches
stability. As can be seen in Table 3, the average values of biological parameters (L¯m, ¯Im and k¯) in the steady state are well
below those obtained without fishing.
In scenario 6 the catch was removed at t = 130,001. It can be seen in Table 4 that the average values of biological
parameters did not differ significantly from those obtained without fishing. According to Jorgensen et al. [32] fisheries-
induced evolution may also be slow to reverse or even irreversible, with implications for recruitment and recovery. In Fig. 4
we observed that the species is able to restore their biological parameters in about 600 years. This time is large enough to
consider the process as irreversible.
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Fig. 4. Temporal evolution of the (a) length at maturation (Lm), (b) age at maturation (Im), (c) growth rate (k) and (d) biomass (B) in scenario 6. Fishing
was removed at t = 130,001.
5. Conclusions
Worldwide, many fish species are overexploited and many stocks have collapsed. The development of theoretical
approaches based on experimental data for the study of the impacts of different fishing strategies is urgent [7]. This work
proposes a model based on experimental data that meets the current needs as a useful tool for the study of different
management strategies in the practice of fishing. In this work we considered six strategies. In scenarios 1 to 4 the strategies
were adopted in order to test the validity of the model by comparing experimental and empirical evidence. This evidence
points to the need to study effects of the regulation on the minimum size limits. As applications of the model, scenarios 5
and 6 were treated based on the minimum size limits.
In scenarios 1, 2, 3 and 4 themodel responded appropriately to different strategies. The results are in agreement with the
experimental and empirical evidence reported, thereby validating the proposed model. In scenarios 5 and 6, it is observed
that changes in management strategies that take into account only the increase in the minimum landing size are far from
correcting the effects of fishing pressure on many years of exploitation. Considering the P. corruscans, even through the
fishing was removed, this species would take about 600 years to restore their biological parameters. This is an extremely
long period if we take as reference, for example, the life expectancy of this species, lower than 30 years [29].
Scenario 1 provides an indication that the protection of larger individuals can be a good alternative. It is possible
that management strategies that combine upper and lower limits for the length of capture is the key to this issue. This
combination, called the harvestable-slot length limits, is designed to protect immature and large fish simultaneously. This
strategy, among others, was analyzed by Souza et al. [33] using the model proposed in this work. The work [33] reflects the
applicability of this model to address different fishing strategies.
Finally, the proposed model is a useful tool that allows analysis of different fishing strategies. For its implementation
we used data for the P.corruscans given its economic importance. However, its applicability can easily be extended to other
species of fish.
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